A type of noise that is commonly observed in buried vertical array receivers corresponds to near surface low frequency noise that is coherent across the array. A characteristic of the noise that makes it problematic for filtering methods is the overlap between signal and noise in frequency content and propagating dip. A priori knowledge of the overburden velocity and the approximate location and target depth are useful information for separating microseismic events from coherent noise. In the proposed noise attenuation approach filters are designed targeting the frequency of the noise and nearly horizontal propagation. Semblance of the coherent noise across the array for a selected frequency band and an attribute that is proportional to the propagation dip are used to provide a region for application of the filters and for weighting the predicted noise before subtraction. The method is exemplified with a dataset that was acquired to test buried array sensors with sources of various strengths fired in a borehole at a distance from the arrays.
Introduction
Near surface related signal, commonly considered as noise for exploration objectives, is a major obstacle for detecting microseismic events with receivers placed at the free surface. Burying receivers below the weathered layer reduces some of the near surface signal depending on factors such as the nature of the noise source acting in the near surface, the near surface geology, the depth of the receivers and the characteristics of the microseismic signal. Some separation of near surface signal and the target signal can be achieved in the frequency domain. For active source surveys, most of the surface wave energy generated at the source is relatively low frequency (<25 Hz) and restricted to the relatively very shallow subsurface, for instance depths less than 15-50 m. A second discriminator is the angle of propagation. Near surface noise mostly travels horizontally in the form of surface waves and guided waves (Ernst and Herman, 2000; Boiero et al., 2013) while the microseismic signal is expected to travel at higher angles. For a vertical array of near surface buried sensors, horizontal propagation is observed as coherent signal with zero dip, but interference between different propagating modes complicates this observation. Figure 1 shows a synthetic shot gather computed with the reflectivity method for a model of a sequence of horizontal layers, a free surface boundary condition, a vertical force source acting on the free-surface and vertical component surface receivers. The low frequency, dispersive, ground roll typical of land surveys is observed with increasing arrival times as offset increases. Figure 2a shows 5 time histories recorded by a vertical array of receivers from 0 m to 100 m of depth at an offset of 1140 m. The offset-time window chosen for the display corresponds to arrivals from Figure 1 where primary reflection energy is well separated from the low frequency near surface signal. These events correspond to horizontally travelling Rayleigh waves. Note the decrease in amplitude with increasing depth of the surface wave event at around 1.3 s. Figure 2b shows an average frequency plot (Tiapkina et al., 2012) of the time histories of Figure 2a , where the difference in frequency content between the earlier body wave arrivals and the horizontally propagating waves is evident. Filters for removing this kind of noise that is coherent across the vertical array of sensors can use these two characteristics in their design. Nonetheless signal and noise are expected to have some overlapping regions where the separation will be more difficult. A third characteristic that might be used for separating the noise from the signal is polarization if 3-components are being recorded. For passive near surface noise, knowledge of spatial location of the near surface source could be used to re-orient receivers for filter design, provided the relative orientation is unique in the time window of analysis. Another useful information for noise discrimination is the distinctive polarization of surface waves and body waves. But the common assumptions for separating the noise and the signal based on polarization are not often met (e.g., Tiapkina et al., 2012) due to, among a few other things, the fact that polarization is highly dependent on the SNR of the data.
The approach here described uses the first two characteristics above for discriminating noise and signal: frequency content and propagation dip. In instances where there is a significant overlap of these two characteristics results are sub-optimal and more a priori information of the nature of noise and signal might be required for an improved separation. The described algorithm could be extended to consider polarization in the filter design as in Sabbione and Sacchi (2013) for instance.
Description of the method
The proposed approach uses dip to form a model of the noise (e.g., Porsani et al., 2013) . The method described here uses the coherence of the signal at low frequencies through a linear slant stack applied locally in time and spanning all the traces in the array with the same reference time. In forming the stack, semblance is measured for the range of selected dips. For a particular time of the sliding window, the stacked window with highest semblance is retained along with the value of the linear time shifts, which can be mapped to dip, and the magnitude of the semblance. The output trace per each receiver in the array is adaptively matched to the low frequency filtered version of the input data. The computed semblance and dip are thresholded to limit the application of the filter to regions of high semblance and low propagation angles. The steps of this process are as follows:
• Application of a low pass filter to a common reference time buried array dataset.
• Local slant stacking of the data from the previous step.
The size of the sliding window in time should be consistent with the high low frequency limit from the previous step. The output of this process corresponds to the model of the noise. Semblance and dip related attributes are outputs of this process.
• The attributes from the previous step are used to build weights to be applied to the adaptive filters from the next step.
• Estimation of least squares adaptive filters that match the model of the noise with the filtered input followed by a weighted subtraction of the noise.
The approach is illustrated with a real data case study.
Real data example
Recently ION Geophysical conducted a buried array seismic experiment for testing receiver sensors with surface and down-hole sources of different strengths. The experiment consisted of three buried array locations and a source well from which string shots and perf guns were fired at depths that ranged approximately between 760 m and 1650 m in depth. The receiver boreholes were positioned around the source well with horizontal distances between receiver and source wells of approximately 450 m, 735 m and 1095 m. This configuration provided nearoffset, mid-offset, and far-offset distances, respectively. Each sensor array has 5 receiver depth levels from 20 to 100 m in increments of 20 m. Figure 3a displays the vertical component for the three receiver arrays and 2 seconds of recording time referenced to the firing of the string shot at 1525 m of depth. The first five traces in the figure correspond to the near-offset array followed by mid-and far-offset arrays with receiver depth increasing from left to right within each receiver array. The signal in this study corresponds to the string shot observed at around 0.5 s in the near-offset array and but not easily identified in the other arrays. Note the low frequency coherent signal traveling horizontally or at an angle common for the three receiver arrays. Most of the coherent noise is contained in a frequency band of 0-25 Hz. Separation of noise and target signals from their propagation angle is not evident as some of the low frequency noise appears to have upgoing propagation, which complicates the filtering process due to the possible overlap.
The data were low pass filtered followed by computation of local linear time shifts across the array, proportional to local dip, and the semblance for a sliding window of 0.2 s of length. Figure 3b shows the resulting dataset after locally stacking receivers across each buried array with the linear time shifts of highest semblance. This result corresponds to the model of the noise. Thus in this process only the low frequencies are targeted. Note that for the near-offset buried array, some of the target signal has been mapped as part of the model of the noise (at around 0.5 s in Figure 3b ). Notice also that different to the data used in the input the observed amplitudes of the noise model are mostly constant across the arrays. Figure 4a shows the shaped noise after computing and applying filters that match the noise model with the low pass filtered input. Figure 4b shows the coherent noise attenuated output from Figure 3a . In this result, the filtering process has targeted as noise low frequency coherent signals that travel with any propagating angle described by a linear dip transformation. That is the case for instance for an apparent upgoing traveling event in the mid-offset array observed at a time of about 1.6 s in the input data (Figure 3a) , that has been targeted as noise (Figure 4b ).
Regardless of the degree of coherence of the noise across the array and its relative amplitude, every time sample of the input data is mapped by a sample that results from stacking across the array in the direction of optimum local dip (Figure 3b ). Figure 5a shows the estimated semblance from the slant stacking process with the input data plotted on top. High semblance is shown with hot colors and low semblance is shown in blue color. Values of high semblance follow low frequency coherent noise. Note from this display that the event identified here as target signal in the near-offset array is embedded in a zone of relatively low semblance. Figure 5b displays the local time shifts applied for stacking the data resulting in the highest relative semblance values of Figure 5a and used to build the noise model of Figure 3b . Positive time shifts corresponding to downgoing propagation are shown in red, upgoing propagation in blue and horizontal propagation in white. The model of the noise is plotted on top of the color panel for interpretation. The two attributes are combined to build a mask that cancels the application of the filter to samples with a low semblance by thresholding the values shown in Figure 5a and propagation that is predominantly upgoing. Figure 6a shows this mask where edges have been tapered, with the same data of Figure 4b have been plotted on top. The target signal is outside the designed mask as well as the low frequency coherent events with predominant upgoing propagation observed in the mid-offset array at about 1.6 s and some of the event seen at around 1.9 s. Figure 6b shows the result of weighting the data of Figure  6a before subtraction. The result can be seen as a more conservative application of coherent noise attenuation when compared to the result shown in Figure 4b .
Conclusions
The proposed filtering method uses frequency and local propagation dip to discriminate noise and signal from buried receiver arrays used for microseismic monitoring.
The magnitude of the semblance that results from the slant stacking process along with the estimated linear time shift correction is used to target as noise coherent low frequency events. The method requires careful selection of the frequency content of the noise, length of window for computing time shifts (also used for filter matching), and semblance threshold. Obviously, increasing the number of receivers in the array will enhance the estimation of the noise. For the case of application to microseismic data recordings, often the characteristics of the signal are not well known for selecting optimal filter parameters. Also, the nature of the noise can be highly variant in time, such as different active sources of noise at the surface. So parameters chosen for a window of time may produce very different results in subsequent windows. In this sense, the method can be seen as semi-automatic. Likewise, interfering low frequency events will result in incoherent noise that won't be predicted by the proposed approach. A drawback of the proposed approach is the lack of discrimination between signal and noise when there is not a clear separation in frequency and propagation angle, complicated by the relatively small vertical separation between the recording sensors. Finally, understanding the nature of the noise for each particular case is fundamental for selecting and applying an adequate filtering tool. 
